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Edited by Angel NebredaAbstract Phosphorylation of H2AX is believed to be associated
with the repair of damaged DNA. Recent ﬁndings suggest a no-
vel function of H2AX in cellular apoptosis. Speciﬁcally, it was
shown that ultraviolet A-activated JNK phosphorylates H2AX
to regulate apoptosis. Here we show that serum starvation in-
duces H2AX phosphorylation and apoptosis independent of the
JNK pathway. Serum starvation induced p38 phosphorylation,
whereas it did not aﬀect the phosphorylation of ERK or JNK.
Inhibition of p38 reduced H2AX phosphorylation and apoptosis.
Furthermore, p38 was found to phosphorylate H2AX directly in
vitro and was colocalized with H2AX in vivo. Finally, we demon-
strate that H2AX phosphorylation is required for serum starva-
tion-induced apoptosis. Taken together, these data elucidate a
novel signaling pathway (p38/H2AX) to regulate apoptosis.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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The eukaryote genome contains multiple chromosomes,
each of which contains a linear molecule of DNA. The DNA
is tightly bound to small basic proteins called histones that
package DNA into an orderly complex to form nucleosomes.
The nucleosome is the basic unit of chromatin in eukaryotes,
consisting of 147 bp of DNA wrapped around an octamer of
two pairs each of H2A, H2B, H3 and H4. The linker H1 com-
presses these linear nucleosome arrays into a 30 nm chromatin
ﬁber [1,2]. The histone globular domains comprise the nucleo-
some core, from which the histone tails protrude, and provide
potential sites for histone modiﬁcations such as phosphoryla-
tion and acetylation [2–5]. Functional isoforms of histones
are scattered throughout the mammalian genome. It has been
reported that some of the histone variants have specialized bio-
logical functions such as DNA repair [1,2].
H2AX is a variant of the histone H2A family. Ionizing radi-
ation (IR) can induce phosphorylation of H2AX C-terminal
(at Ser139) and phosphorylated H2AX (denoted cH2AX)
forms nuclear foci at the sites of IR-induced double-strand
breaks and plays an important role in recruiting repair factorsAbbreviations: IR, ionizing radiation; UV, ultraviolet; MEFs, mouse
embryonic ﬁbroblasts; MAPKs, mitogen-activated protein kinases;
TBST, Tris-buﬀered saline containing Tween 20
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tion of H2AX is believed to be associated primarily with repair
of DNA damage.
However, our recent data showed that H2AX phosphoryla-
tion is critical for cellular apoptosis (DNA fragmentation)
[3,4]. Ultraviolet (UV)A irradiation strongly induced H2AX
phosphorylation that was mediated by JNK and phosphoryla-
tion of H2AX by JNK was associated with induction of DNA
fragmentation. Here we report a novel pathway through which
(p38/H2AX) serum starvation induces apoptosis. Serum star-
vation induced H2AX phosphorylation and apoptosis by p38
independent of the JNK pathway. These data indicate that dif-
ferent stimulation or stress may regulate cellular apoptosis by
a diﬀerent pathway involving H2AX phosphorylation.2. Materials and methods
2.1. Cell culture and treatment of kinase inhibitor
HaCat cells and H2AX-wt or H2AX/ mouse embryonic ﬁbro-
blasts (MEFs) were maintained in Dulbeccos modiﬁcation of Eagles
medium supplemented with 5% heat-inactivated fetal bovine serum,
2 mM L-glutamine, and 25 lg/ml gentamicin. Before each experiment,
cells were seeded in 10 cm dishes and cultured as above until they
reached 80% conﬂuence. The cells were then incubated in fresh ser-
um-free medium with SB202190.
2.2. Total cellular protein or histones extraction and Western analysis
Cellular proteins were extracted by disrupting cells with or without
SB202190 treatment during serum starvation in lysis buﬀer as de-
scribed previously [3]. For histone extraction, cells were lysed in NETN
buﬀer and histones were extracted with HCl [3,11]. The protein sam-
ples were resolved on SDS–PAGE and transferred to polyvinylidene
diﬂuoride membranes. The membranes were blocked at room temper-
ature for 1 h with 5% non-fat milk in Tris-buﬀered saline containing
Tween 20 (TBST). Primary antibodies to detect cH2AX at Ser139,
H2AX, H2A, phosphorylated H3 (Ser10), H3 (Upstate Biotechnology
Inc., Lake Placid, NY), active caspase-3, phosphorylated JNK 1/2
(pJNK1/2), total JNK1/2, phosphorylated ERK1/2 (pERK1/2), total
ERK1/2, phosphorylated p38 (pp38), total p38, phosphorylated
ATF2 (Thr69/71), total ATF 2, and b-actin (Cell Signaling Biotechnol-
ogy Inc., Beverly, MA) were incubated with membranes at 4 C over-
night. Membranes were incubated with the appropriate secondary
antibody in 5% non-fat milk/TBST for 3 h at 4 C. Proteins were de-
tected by enhanced chemiluminescence (Amersham, Biosciences Corp.,
Piscataway, NJ).
2.3. In vitro kinase assay
To detect H2AX phosphorylation, H2AX protein (Upstate Biotech-
nology Inc.) was mixed with active ERK1, JNK1, p38a or p38b pro-
teins (Upstate Biotechnology Inc.), 0.2 mM ATP, and 1· kinase
buﬀer and incubated at 30 C for 15 min. The reactive products were
separated by 15% SDS–PAGE for Western analysis of cH2AX and
H2AX, respectively.blished by Elsevier B.V. All rights reserved.
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To study colocalization of endogenous p38 and H2AX in vivo, Ha-
Cat cells with or without treatment of SB202190 were ﬁxed in 40%
paraformaldehyde and permeabilized in 0.5% Triton X-100 30 min
after 3 days of serum starvation. Cells not deprived of serum served
as negative control. The ﬁxed cells were incubated with pp38 mouse
monoclonal (Upstate Biotechnology Inc.) and cH2AX rabbit poly-
clonal antibodies (Cell Signaling Biotechnology Inc.), followed by
incubation with green-ﬂuorescent Alexa Fluor 488 dye-labeled anti-
mouse and red-ﬂuorescent Alexa Fluor 568 dye-labeled anti-rabbit
IgG (Invitrogen, Carlsbad, CA), respectively. All samples were viewed
with a ﬂuorescence microscope (Leica, Bensheim, Germany).
2.5. Cell survival assay
To measure the sensitivity of cells to serum starvation, H2AX-wt
and H2AX/ MEFs were plated on 96-well plates and cultured until
they reached 80% conﬂuence. After rinsing with serum-free medium,
the cells were incubated in fresh serum-free medium. Cell viability
was determined in triplicate at various time points by using the MTS
assay according to the instructions from the manufacturer (Promega,
Madison, WI). The results were compiled by using Multiskan MS plate
reader (Labsystems, Helsinki, Finland). Data are represented as
means ± S.D.
2.6. DNA fragmentation assay
HaCat cells and H2AX-wt or H2AX/ MEFs with or without
SB202190 (1 lM) treatment were disrupted by adding DNA STAT-
60 (Tel-Test Inc., Friendswood, TX). The fragmented DNA was puri-
ﬁed as described previously, separated by 1.8% agarose gel electropho-
resis, stained with ethidium bromide, and photographed under UV
light [3]. Total protein or histones were extracted from HaCat and
H2AX-wt or H2AX/ cells treated or not treated with SB202190
(1 lM) to perform Western blot.Fig. 1. Serum starvation induces phosphorylation of H2AX. HaCat
cells were deprived of serum and histones were extracted as described
in Section 2 after serum starvation at the indicated days. Cells not
deprived of serum served as negative controls (0 days). Histones were
extracted for Western analysis with antibodies against cH2AX,
phospho-H3 (Ser10) and total H2AX or H3.3. Results and discussion
3.1. Serum starvation induces H2AX phosphorylation
We have shown that UVA (an important environmental
stress) induced apoptosis regulated by the JNK/H2AX path-
way [3,4]. Upon UVA radiation, JNK was activated and phos-
phorylated H2AX to regulate DNA fragmentation. In
H2AX/ MEFs, UVA did not trigger apoptosis, suggesting
that H2AX phosphorylation was required for apoptosis. It is
known that withdrawal of trophic factors (serum starvation)
can induce cellular apoptosis as well [12]. Hence, we asked
whether serum starvation induces H2AX phosphorylation.
Histones were extracted from HaCat cells after serum starva-
tion and Western blot analysis was conducted. We observed
that serum starvation induced strong phosphorylation of
H2AX at Ser139 (cH2AX) in a time-dependent manner (Fig.
1). However, serum starvation did not induce phosphorylation
of H3, another member of the histone family. Some reports
have indicated that H3 phosphorylation was involved in cell
transformation and cell growth [13,14]. Therefore, the modiﬁ-
cation of diﬀerent members of the histone family may have dif-
ferent functions.
3.2. H2AX phosphorylation is regulated by p38 during serum
starvation
Mitogen-activated protein kinases (MAPKs) are a family of
proteins that mediate distinct signaling cascades which are tar-
gets for diverse extracellular stimuli or stress [15]. These path-
ways are important in the regulation of multitude cellular
functions, including proliferation, diﬀerentiation, apoptosis,
development, and growth [3]. The MAPK family includes
ERK, JNK, and the p38 subfamily. To elucidate signal trans-duction pathways responsible for the regulation of H2AX
phosphorylation induced by serum starvation, we examined
the roles of MAPK family members. Total proteins and nucle-
ar histones were extracted, respectively, after serum starvation
for Western blot analysis. The data indicated that p38 regu-
lated phosphorylation of H2AX induced by serum starvation
(Fig. 2). Serum starvation induced H2AX and p38 phosphor-
ylation in a time-dependent manner, but did not trigger phos-
phorylation of ERK and JNK (Fig. 2A). p38 activation
followed a similar time course with H2AX phosphorylation,
suggesting a parallel response. To further investigate whether
p38 is actually involved in the regulation of H2AX phosphor-
ylation, we used SB202190, a chemical inhibitor of p38, to
treat cells during serum starvation. The results showed that
this p38 inhibitor dramatically suppressed H2AX phosphory-
lation and its normal target, ATF2 (Fig. 2B), in a dose-depen-
dent manner (Fig. 2C). The inhibition of ATF2
phosphorylation indicated that the inhibitor was speciﬁc to
p38 MAPK (Fig. 2B-C, bottom panels). Next we used in vitro
kinase assays to determine whether p38 phosphorylates Ser
139 of H2AX directly. Results showed that commercially ac-
tive JNK1 and p38b phosphorylated H2AX at Ser139 (Fig.
3, lanes 4 and 8), whereas active ERK1 and p38a had no eﬀect
(Fig. 3, lanes 2 and 6). The eﬀect of JNK1 on H2AX phos-
phorylation in vitro was consistent with our previous data
[3]. Why H2AX is phosphorylated by p38b but not p38a de-
serves further investigation. It appears that p38a and p38b
probably have diﬀerent mechanisms to regulate H2AX phos-
phorylation. Then we reasoned that p38 should bind or colo-
calize with cH2AX in vivo if p38 phosphorylates H2AX.
The data showed that, after serum starvation, p38 was phos-
phorylated and translocated into the nucleus to colocalize with
H2AX (Fig. 4). These actions were blocked by SB202190, sug-
gesting that H2AX phosphorylation was not induced by DNA
damage after serum starvation (Fig. 4, right panel). Overall
these data indicate that p38 regulates H2AX phosphorylation
induced by serum starvation. We have already shown that
UVA activates JNK to regulate H2AX phosphorylation [3].
Thus, H2AX phosphorylation can be regulated by diﬀerent
pathways (p38 or JNK) in response to diﬀerent stimuli or
stress.
Fig. 3. H2AX is phosphorylated by p38 in vitro. The H2AX protein
was used as a substrate for active protein kinases including p38a, p38b,
JNK1, and ERK1. Reactive products were subjected to SDS–PAGE
and Western blot to detect H2AX phosphorylation (cH2AX). The
bottom panel shows the level of H2AX protein.
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starvation-induced apoptosis
Cells are sensitive to withdrawal of trophic factors, which
can induce apoptosis. It was reported that p38 MAP kinase
played a role in cellular apoptosis induced by serum starvation
[12]. In addition, our previous results already showed that
H2AX phosphorylation regulated by JNK was required for
apoptosis triggered by UVA [3,4]. Based on these results, we
investigated whether the p38/H2AX pathway is involved in
mediating apoptosis induced by serum starvation. Results
showed that serum starvation induced DNA fragmentation
and increased active caspase-3 level (DNA fragmentation
and caspase-3 activation are hallmarks of apoptosis) in a
time-dependent manner (Fig. 5A), suggesting that serum star-
vation induced strong apoptosis. In addition, H2AX phos-
phorylation followed a similar time course (Fig. 5A).
Because ATF2 is the target of p38 and its phosphorylation rep-
resents activation of p38, we measured ATF2 phosphoryla-
tion. The data indicate that ATF2 phosphorylation followed
a similar time course to H2AX phosphorylation and apoptosis
(Fig. 5A). These data indicate that the p38/H2AX pathway
may be involved in apoptosis induced by serum starvation.Fig. 2. Serum starvation induced H2AX phosphorylation is regulated by p3
histones were extracted for Western analysis, respectively. (B) HaCat cells w
treated with SB202190 and not starved served as negative controls (). Total
represent control experiments to verify that the inhibitor SB202190 was speciﬁ
the cells after 5 days of serum starvation without SB202190 treatment and serv
diﬀerent concentrations during serum starvation (5 days). Total protein or hIn order to conﬁrm this conclusion, we used SB202190 to treat
cells during serum starvation. The data showed that SB2021908. (A) HaCat cells were starved at the indicated days. Total protein or
ere treated with SB202190 (1 lM) during serum starvation. Cells not
protein or histones were extracted for Western analysis. Bottom panels
c to its targeted kinase activity. Lane P in the bottom panels represents
ed as a positive control. (C) HaCat cells were treated with SB202190 at
istones were extracted for Western analysis.
Fig. 4. p38 colocalizes with H2AX. HaCat cells with or without SB202190 treatment after 3 days of serum starvation, were ﬁxed with
paraformaldehyde, stained for pp38 (green) and cH2AX (red) and observed by immunoﬂuorescence microscopy. Cells not starved and treated with
SB202190 served as negative controls (left panel).
Fig. 5. SB202190 inhibits H2AX phosphorylation and apoptosis. (A) HaCat cells were deprived of serum. The ﬁrst group of cells was harvested to
extract histones at the indicated time after serum starvation and subjected to Western blot. The second group of cells was used to extract total
proteins for detection of caspase-3 (active fragment), b-actin, ATF2 and phospho-ATF2 (pATF2). The third group of cells was used to detect DNA
fragmentation. (B) HaCat cells were treated with SB202190 during starvation. Cells were harvested and used for the DNA ladder assay or to detect
cH2AX and H2AX, caspase-3 (active fragment), b-actin, ATF2 and pATF2.
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5B). Upon inhibition of the p38 pathway, H2AX phosphoryla-
tion was reduced and apoptosis was inhibited as well. To-
gether, these results show that the p38/H2AX pathway
actually regulates serum starvation-induced apoptosis.
3.4. H2AX phosphorylation is required for apoptosis induced by
serum starvation
Next we used H2AX-wt and H2AX/ MEFs to further
conﬁrm the role of H2AX phosphorylation regulated by p38
in apoptosis induced by serum starvation. We observed thatFig. 6. H2AX phosphorylation is required for serum starvation-induced ap
starvation and harvested at the indicated time points. One group of each cell t
and another group of each type was used to detect cH2AX, H2AX, H2A, pp3
were starved at the indicated time points, and cell survival was evaluated by M
as control. (C) H2AX-wt MEFs were treated with SB202190 (1 lM) during se
to detect pp38, p38, b-actin, cH2AX, and H2AX.serum starvation induced apoptosis of H2AX-wt MEFs char-
acterized by marked DNA fragmentation (Fig. 6A, left panel).
In contrast, H2AX/MEFs were markedly resistant to serum
starvation-induced apoptosis characterized by an inhibition of
DNA fragmentation (Fig. 6A, right panel). p38 was found to
be activated in both H2AX-wt and H2AX/ MEFs (Fig.
6A). At the same time, H2AX-wt MEFs maintained a high le-
vel of cH2AX after serum starvation, whereas no cH2AX or
H2AX was detected in H2AX/ MEFs (Fig. 6A). Further-
more, we found that the survival of H2AX-wt cells was re-
duced substantially by serum starvation in a time-dependentoptosis. (A) H2AX-wt and H2AX/ MEFs were subjected to serum
ype was prepared for the DNA fragmentation ladder assay (top panels)
8, p38 and b-actin (bottom panels). (B) H2AX-wt and H2AX/MEFs
TS assay as described in Section 2. Cells not deprived of serum served
rum starvation. Harvested cells were used for the DNA ladder assay or
2708 C. Lu et al. / FEBS Letters 582 (2008) 2703–2708manner (Fig. 6B). We then used the p38 inhibitor SB202190 to
treat H2AX-wt MEFs during serum starvation. The results
showed that SB202190 inhibited serum starvation-induced
p38 activation, H2AX phosphorylation, and apoptosis in
H2AX-wt MEFs (Fig. 6C). Overall, these data provide strong
evidence that H2AX phosphorylation by p38 is required for
the induction of apoptosis.
Previously, we have shown that H2AX phosphorylation by
JNK was required for UVA-induced apoptosis [3,4]. Thus, dif-
ferent stressors may regulate cellular apoptosis by diﬀerent
pathways which require H2AX phosphorylation. At present,
most research regarding the regulation and induction of apop-
tosis has focused on upstream cytoplasmic pathways [16–18].
However, it remains unclear how the underlying molecular
mechanism governs the nuclear events (e.g. condensation and
DNA fragmentation). Recently, it was reported that H2B
phosphorylation played an important role in apoptotic chro-
matin condensation [17]. Therefore, modiﬁed histones may
serve as signaling platforms to control nuclear apoptotic
events.
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